We investigate the hidden strange light baryon-meson system. With the resonating-group method, two bound states, η − N and φ − N , are found in the quark delocalization color screening model. Focusing on the φ − N bound state around 1950 MeV, we obtain the total decay width of about 4 MeV by calculating the phase shifts in the resonance scattering processes. To study the feasibility of an experimental search for the φ − N bound state, we perform a Monte Carlo simulation of the bound state production with an electron beam and a gold target. In the simulation, we use the CLAS12 detector with the Forward Tagger and the BONUS12 detector in Hall B at Jefferson Lab. Both the signal and the background channels are estimated. We demonstrate that the signal events can be separated from the background with some momentum cuts. Therefore it is feasible to experimentally search for the φ − N bound state through the near threshold φ meson production from heavy nuclei.
I. INTRODUCTION
The study of multiquark states is one of the most active frontiers since the establishment of the quark model by Gell-Mann and Zweig [1, 2] . Jaffe was the first to carry out quantitative studies [3] , and Lipkin extended the idea to pentaquarks [4] . As the fundamental theory of the strong interaction, the quantum chromodynamics (QCD) does not forbid the existence of pentaquark states. Recently, the discovery of hidden charm pentaquark candidates was reported by LHCb [5] , and it invoked a renewed interest in this field [6] .
It is pointed out by Brodsky, Schmidt, and de Téramond that the QCD van de Waals interaction, mediated by multigluon exchanges, will dominate the interaction between two hadrons when they have no common quarks [7] . It was further shown by Luke, Manohar, and Savage that the QCD van de Waals force is enhanced at low relative velocities between the two [8] . This finding supports the prediction that a nucleon/nucleus-charmonium bound state can be produced near the charm production threshold. As an analogy, a φ − N bound state is predicted by Gao, Lee, and Marinov [9] . It is also pointed out that the subthreshold quasifree φ meson photoproduction inside a nuclear medium will enhance the probability for the formation of the φ−N bound state. In addition, some chiral quark model calculation [10] and lattice QCD calculation [11] in recent years also support the existence of such a kind of bound state. On the other hand, the φ − N bound state can be viewed as a hidden strange pentaquark state. A comparison with the hidden charm pentaquark candidates will unveil the flavor-dependent effect in hadron physics. Thus the experimental search for the φ − N bound state is of great interest and will improve our understanding of the strong interaction.
In this paper, we carry out a front-to-end study of the search for the φ − N bound state.
We perform a calculation with the quark delocalization color screening model (QDCSM) [12] [13] [14] , which is developed aiming to understand the similarities between nuclear and molecular forces despite different scales. In this model, the intermediate-range attraction is achieved by the quark delocalization, which is like the electron percolation in molecules. The color screening provides an effective description of the hidden color channel coupling [15] , and leads to the possibility of the quark delocalization. The QDCSM was utilized to investigate the baryon-baryon scattering phase shifts in the framework of the resonating group method (RGM). It provides a good description of the nucleon-nucleon and nucleon-hyperon interactions and the deuteron properties [14, [16] [17] [18] . Some dibaryon candidates are also studied with this model [19, 20] . The one of particular interest is a narrow resonance N − Ω state [21] , which is proposed for searches in heavy ion collisions and a hadron beam experiment with a newly developed automatic scanning system [22] . Moreover the hidden charm pendaquark candidates, η c − N and J/ψ − N bound states, are also studied in QDCSM [23] .
As the strangeness counterpart, we study the hidden strange system with a light baryon and a light meson in the QDCSM. Some baryon-meson bound states are found from the model calculation, and one of them is the φ − N bound state. The decay properties of this bound state are calculated from the phase shifts of the resonance scatterings. To investigate the feasibility of an experimental search for this bound state, we study the production of this bound state from the near threshold φ production process in a nuclear medium as suggested in [9] . Particularly, we choose a gold target as an example, and perform a Monte Carlo simulation with electron beams at Jefferson Lab and detectors in Hall B. Events with scattered electrons detected by the Forward Tagger [24] and pK + K − detected by the CLAS12 [25] and the BONUS12 [26] are selected to reconstruct the bound state. Both the signal and the background are estimated in the simulation. With a set of momentum cuts motivated by the previous study [27] , we demonstrate that the signal events can be separated from the background. Therefore it is possible to search for the φ − N bound state in experiments.
The paper is organized as follows. In Sec. II, we briefly introduce the quark delocalization color screening model, and then we calculate the properties of the hidden strange baryonmeson system in Sec. III. Focusing on the φ − N bound state, we investigate the production process, and perform a simulation to show the feasibility of the experimental search for this state in Sec. IV. The discussion and the conclusion are drawn in the last section.
II. QUARK DELOCALIZATION COLOR SCREENING MODEL
As described in [12] [13] [14] [17] [18] [19] [20] , the Hamiltonian of QDCSM is expressed as
where
if i, j occur in the same baryon orbit
The S ij is the quark tensor operator:
and the subscripts i, j denote the quark index in the system. The σ and the τ are Pauli matrices that, respectively, describe the spin and the isospin spaces, and the λs are the Gell-Mann matrices that describe the color degrees of freedom. The Y (x) and H(x) are the standard Yukawa functions [28] , the T c is the center-of-mass kinetic energy, the α ch is the chiral coupling constant which is usually determined from the πN scatterings, the Λ χ is the chiral symmetry breaking scale, and the α s is the quark-gluon strong coupling constant. To cover the energy range from up and down quarks to strange quarks, one can introduce an effective running coupling as [29] 
In the phenomenological confinement potential V C , the color screening parameter µ ij is determined by fitting the deuteron properties, N N scattering phase shifts, and N Λ and N Σ scattering cross sections as µ= 0.45 fm −2 and µ ss = 0.08 fm −2 where q represents u or d and µ qs is constrained by µ 2 qs = µµ ss . The quark delocalization effect is realized by specifying the single-particle orbital wave function in QDCSM as a linear combination of left and right Gaussians as
The s i , i = 1, 2, · · · , n, are the generating coordinates, which are introduced to expand the relative motion wave function [14, 17, 18] . The mixing parameter (s i ) is variationally determined by the dynamics of the multiquark system. This procedure allows the multiquark system to choose its favorable configuration with the interactions, and was used to explain the cross-over transition between the hadron phase and the quark-gluon plasma phase [30] .
To test the sensitivity of the model parameters, three sets of parameters, labeled as QD-CSM1, QDCSM2, and QDCSM3, are used in the calculations as listed in Table I . The set in QDCSM1 is taken from the work of dibaryons [21] , the one in QDCSM2 is obtained by fitting the spectra of ground state mesons, and the one in QDCSM3 is obtained by fitting the spectra of ground-state baryons and mesons. 
III. HIDDEN STRANGE BARYON-MESON SYSTEM IN THE QDCSM
In this section, we calculate the hidden strange light baryon-meson system with isospin
and
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± of S, P , and D partial waves in the framework of RGM [31] .
As listed in Table II , the channel coupling effects are taken into account.
To investigate if the baryon-meson bound state can be formed, the resonating-group equation has to be solved. We expand the relative motion wave function between two clusters on Gaussian bases, and then the integro-differential resonating-group equation reduces to 
an algebraic eigenequation with the energy of the system as the eigenvalues. Practically, the baryon-meson separation is restricted to no greater than 6 fm to keep the dimension of the matrix manageable. We find none of the P -wave or D-wave states in Table II can form a bound state, even if the channel coupling effect is taken into account. The reason is that the interaction of the P -wave and D-wave channels is repulsive, and thus leads to the energies above the threshold. For the S-wave channels, the bound state is solved with the binding energies and the masses of each individual channel and of all coupled channels, as shown in Table III . We need to mention that the mass of the bound state can be generally splitted into three terms as the baryon mass M baryon , the meson mass M meson , and the binding energy from interactions M int . To minimize the theoretical deviations, the former two terms, M baryon and M meson , are shifted to the experimental values in [32] .
For single-channel calculations, neither ΛK or ΛK * is bound. This agrees with the repulsive nature of the interaction between Λ and K (or K * ). The attractions of N η and N φ channels are too weak to bind the two particles, while the strong attractive interaction between Σ (or Σ * ) and K (or K * ) leads to the total energy below the threshold of the two particles. However, including the channel-coupling effect, we find a J P = Channel For the main purpose of this paper, we only focus on the φ − N bound state from now on.
Because it has the same quantum number of N baryon states, we label it as N ss to indicate its hidden strange structure. To obtain the decay width of N ss , we calculate the phase shifts of various possible scattering channels which couple to the S-wave J P = The two-body decay channels are N η , ΛK, and ΣK. We need to note that the theoretical kaon mass in QDCSM1 and QDCSM3 is larger than the real mass, and results in the total energy of ΣK being above the N ss mass. Thus the ΣK decay channel is forbidden with these two parameter sets.
The mass of N ss bound state can be obtained from the resonance phase shift point via 
where E c.m. is the incoming kinetic energy of the two scattering particles in the center-ofmass frame, and the other two terms, M baryon and M meson , are shifted to the experimental values [32] . As shown in Table IV , the resonance mass values from different scattering channels are equal to each other within the numerical precision. We should point out that the small difference between the mass value from the resonance scattering approach and the one from the Hamiltonian eigenequations is from the tensor coupling.
The phase shifts in Fig. 1 show a narrow resonance, and the decay width of the N ss to each channel is obtained from the shape of the resonance. The small width is from the tensor coupling. This is similar to the case of N − Ω state, which is also a narrow resonance in the D-wave ΛΞ scattering process [20, 21] .
Apart from the decay channels calculated above, the decay of N ss bound state can also be 6 caused by the φ meson decay in the system, and the partial width from the φ meson decay is not negligible. Following the procedure in [33] , the nucleon-bound φ meson decay width is related to the free φ meson decay width. Because the charged kaon and the neutral kaon are not differentiated in our model, the total width of φ meson decay induced channels are calculated by dividing the partial width of the K + K − channel by the average branch ratio
We point out that the width of other channels, such as ρπ 0 and 3π, is effectively included after dividing the partial width of the KK channel by its branch ratio. In Table V , we summarize N ss decay widths and branch ratios of each channel, and the one induced by φ meson decays is dominant in our model calculation.
IV. THE φ − N BOUND STATE PRODUCTION ON A NUCLEAR TARGET
It is pointed out in [9] that the subthreshold production of φ meson inside a nuclear medium will enhance the probability of the formation of the φ − N bound state. In this section, we take a gold target as an example to study the production of the N ss bound state, and show the feasibility of the experimental search by simulation. For simplicity, we will only present the results with the parameter set of QDCSM2, and similar results are expected with the other two parameter sets.
As illustrated in Fig. 2 , the reaction takes place in two steps. First the φ meson is produced from a nucleon in a nuclear medium, and then it interacts with another nucleon around to form the bound state N ss . The amplitude of the formation of the bound state can be calculated from the effective potential V eff (r) and the radial wave function R(r) as
where Q is the incoming momentum of the φ meson in the center-of-mass frame of the N φ system. Using the effective potential and the wave function in Fig. 3 , which are calculated in the QDCSM, we get the amplitude result as shown in Fig. 4 . For the φ meson production, the amplitude is extracted from the φ meson near threshold photoproduction differential cross section data in [34] via
where M is the invariant amplitude, q c is the relative momentum of the incoming γN system, and Q c is the relative momentum of the outgoing φN system. The θ represents the polar angle of the produced φ meson in the center-of-mass frame with respect to the direction of the incoming photon. The spin dependent effects are neglected here. Namely the extracted amplitude is spin averaged.
Because of the momentum mismatch, it is not likely to find the N ss bound state in the φ production from a proton target. With the help of the Fermi motion, the probability of the bound state formation is expected to be enhanced in the φ meson sub-or nearthreshold production from heavy nuclei. Therefore we choose gold ( 197 Au) as the target here. To describe bound nucleons in a gold nucleus, we extract the momentum and the energy distributions of nucleons inside a gold nucleus from the data in [35] . Here we assume an isotropic momentum distribution. The results are shown in Fig. 5 .
Following the procedure in [9] , we calculate the total cross section of the N ss bound state photoproduction on a gold target. As shown in Fig. 6 , the cross section of N ss photoproduction has a maximum below the threshold E γ = 1.57 GeV. This feature is consistent with the calculation in [9] . As expected, the cross section drops with the photon energy above the threshold because of the increasing φN relative momentum.
To investigate the feasibility of an experimental search for the N ss bound state, we perform a simulation according to the configuration of CLAS12 at Jefferson Lab. Based on the calculation in the previous section, the N ss decay is dominated by the φ meson decay. Thus the bound state can be reconstructed from the N KK channel. Because of the detection issue, we restrict the nucleon in the bound state to be a proton, which means the cross section is divided by a factor of Z/A = 79/197, because the proton and the neutron are not differentiated in our model calculation. In addition, the two kaons in the final state are required to be K + K − because of the difficulty of the K 0 L detection. Assuming the same branch ratio of the K + K − decay channel of the nucleon-bound φ meson as the one of the free φ meson, 48.9% [32] , we obtain the branch ratio of the pK + K − decay channel for N ss as 46.5% (see Table V ).
Instead of the photoproduction, we perform the Monte Carlo simulation of the electroproduction with one photon exchange approximation as illustrated in Fig. 2 , because photon beams will not be readily available for CLAS12 in Hall B at Jefferson Lab. The forward tagger [24] , which covers the polar angle 2.5
• ∼ 4.5
• and the energy above 0.5 GeV, can be used to detect the scattered electron to select the low Q 2 events. Apart from the scattered electron, a triple coincident detection of pK + K − in the final state is required to reconstruct the N ss bound state.
In addition to the simulation of the signal channel, an estimation of the background is necessary to validate the experimental feasibility. In this study, four background channels are estimated. The first one is from the same reaction as the N ss production process in Fig. 2 , but the detected proton in the final state is not from the bound state decay. The second one is the φ meson production process without the formation of the bound state. As mentioned above, the amplitude extracted from the data in [34] is used in the simulation of this channel. The third one is the production of Λ(1520)K + with the Λ(1520) decaying into pK − . Similar to the φ production case, the amplitude of the near threshold production of Λ(1520)K + is extracted from the differential cross section data in [36] . In this process, the distributions of K + and K − in the final state are different. The fourth one is the direct Tables IV and V. In Fig. 7 , the invariant mass spectra of the pK + K − final state from the signal and the background channels are compared. One can observe that the signal overlaps with the background in the pK + K − spectra.
As suggested in [27] , the signal could be separated from the background by using the information of the proton-kaon momentum correlation. In Fig. 7 , we show the two-dimensional distribution of the proton and kaon momenta for each channel. It is clearly shown that the signal events are in the low momentum region. Therefore we apply the cuts p(K ± ) < 350 MeV and p(p) < 500 MeV to remove the background events with relatively high mo- 
menta.
To improve the detection of the low momentum particles, we propose to use both the CLAS12 and the BONUS12 detectors in Hall B at Jefferson Lab. The BONUS12 is designed to be placed around the target with a polar angle coverage from 20
• to 160
• to detect low momentum particles [26] . In the simulation, the BONUS12 is set to detect the proton and charged kaons with momenta between 60 MeV and 200 MeV. For particles with momenta below 60 MeV, we assume no detections, and for particles with momenta above 200 MeV, we leave it to CLAS12 for possible detections. In addition, the energy loss in the target is taken into account based on the stopping power data by NIST [37] , though the effect is negligible when the target is very thin. For CLAS12, the forward detector covers the polar angle from 5
• to 35
• , and the central detector covers the polar angle from 35
• to 125
• [38] . Because the BONUS12 is close to the target, the K ± decay effect is neglected if it is detected by BONUS12. However, a weighting factor is multiplied by assuming a 2 m traveling distance if the K ± is detected by CLAS12. Concerning the six-fold configuration of the CLAS12 detector, we add a weighting factor of 80% for each particle detected by CLAS12 to account for the acceptance gaps in the azimuthal angle. To have more realistic estimation, we also smear the momentum, the polar angle, and the azimuthal angle of the detected particles according to the detector resolutions [26, 38] . The results are shown in Fig. 8 . It shows that the momentum cuts significantly reduce the background. However, the signal rate in the region of 1940 MeV < M (pK + K − ) < 1960 MeV drops from 1.64/h before the momentum cuts to 1.50/h after the cuts, i.e. only 10% signal events are removed by these cuts. In addition, assuming a total detector efficiency of 50%, we still have the signal rate as 0.75/h.
Apart from the electroproduction as the example we presented above, the photoproduction can be a complementary approach to search for the bound state. It will be possible if in future the photon beam is available for CLAS12 in Hall B or the flux of the photon beam is enhanced for GlueX in Hall D. Experimental facilities other than those at Jefferson Lab may also find opportunities.
V. DISCUSSIONS AND CONCLUSIONS
In this paper, we investigate the feasibility of the experimental search for the φ − N bound state N ss , which is obtained from the calculation in the QDCSM. It can be viewed as a hidden strange pentaquark candidate.
We perform a calculation of the hidden strange light baryon-meson system in the QDCSM.
By solving the algebraic resonating-group eigenequation, two bound states are found as one with J P = Based on the results of QDCSM, we calculate the N ss photoproduction cross section on a gold target. As expected, the cross section decreases with increasing photon energy above the φ production threshold, because the probability of the bound state formation drops as the relative momentum of the N φ system increases. Thus we propose to search for the N ss bound state in the sub-or near-threshold φ productions from heavy nuclei.
The feasibility of the experimental search for the N ss state is investigated via a simulation using the electron beam at Jefferson Lab and a forward tagger, the CLAS12, and the BONUS12 detectors. As concluded from the model calculation, the N ss decay is dominated by the φ meson decay. The N ss state can be reconstructed from the pK + K − events. The background channels with the same final state particles are also estimated. We show that the signal events can be separated from the background by applying a set of cuts to select relatively low momentum events. The cuts will significantly reject the background events with a cost of losing only about 10% of signal events. Assuming a total detector efficiency of 50%, the signal rate estimated from the simulation is about 0.75/h. Therefore it is feasible to search for the N ss bound state. If the photon beam is available for CLAS12 in the future, the photoproduction can serve as a complementary approach. Other facilities apart from those at Jefferson Lab may also have the possibility to search for the bound state. In addition to the background from the pK + K − channels, reactions with pπ + π − in the final state can be a dominant background source because of the accuracy of particle identifications. A good K/π separation is needed to suppress this background. Therefore, more realistic studies on various experimental issues are required to optimize the experimental conditions to search for the bound state.
We should also emphasize that the estimation is only based on model calculations. Although the QDCSM is proven successful in many situations, one can never claim the existence of the N ss bound state unless it is discovered experimentally. Even if it exists, the mass and the width may also deviate from the model predictions. Together with the hidden charm pentaquark candidates discovered by LHCb, the investigations of this hidden strange pentaquark candidate N ss may unravel the flavor-dependent properties and the structures of multiquark states. It will not only test the QDCSM and other phenomenological models, but also help advance our understanding of the strong interaction. In addition, the experimental search of the hidden strange pentaquark candidates is not a trivial extension of the hidden charm pentaquark states, because up to now almost all discovered multiquark states or candidates contain heavy quark components. The experimental exploration of light multiquark states is of unique significance to understand the structure of multiquark states.
Therefore it deserves the efforts from both theories and experiments.
